Abstract-The main limitations of employing large-scale antenna (LSA) architectures for broadband frequency-selective channels include, but are not limited to their complexity, power consumption, and the high cost of multiple radio frequency (RF) chains. Promising solutions can be found in the recently proposed family of single-carrier (SC) spatial modulation (SM) transmission techniques. Since the SM scheme's transmit antenna (TA) activation process is carried out in the context of a SC-SM architecture, the benefits of a low-complexity and low-cost single-RF transmitter are maintained, while a high MIMO multiplexing gain can be attained. Moreover, owing to its inherent SC structure, the transmit signals of SC-SM have attractive peak power characteristics and a high robustness to RF hardware impairments, such as the RF carrier frequency offset (CFO) and phase noise. In this paper, we present a comprehensive overview of the latest research achievements of SC-SM, which has recently attracted considerable attention. We outline the associated transceiver design, the benefits and potential tradeoffs, 
I. INTRODUCTION
M ULTIPLE-INPUT multiple-output (MIMO) techniques have been widely studied during the last two decades and have been incorporated into most of the recent communication standards [1] , [2] due to their benefits of providing diversity, and/or multiplexing gains [3] - [5] . However, in order to satisfy the ever-growing demands for higher capacity, larger coverage area and better reliability, further improved MIMO transceivers should be designed [6] .
Pursuing this research objective, the concept of large-scale MIMO (LS-MIMO) techniques has been proposed [6] - [12] , which employs tens to hundreds of transmit/receive antennas for dramatically improving the attainable link reliability, spectral efficiency and cellular coverage. Usually, the multipleantenna front-end architecture requires a separate radio frequency (RF) chain. This means that the cost of MIMO transmitters to scale linearly with the number of antennas [13] . Moreover, the presence of hundreds of antennas will increase the complexity of both the transmit signal generation and detection. Furthermore, the RF power amplifiers and the associated high-dimensional signal processing may erode the energy efficiency of systems, which are responsible for about 55-85% of the total power consumption [14] , [15] . These factors exacerbate the practical realization of LS-MIMO systems.
The emerging SM design paradigm constitutes an attractive low-complexity yet energy-efficiency option for the family of LS-MIMO systems, due to its low-cost single-RF-based transmitter, as well as owing to its low-complexity single-stream based detector and its ability to maintain the potential benefits of multiple antennas [16] - [19] . The roots of the SM design philosophy can be traced back to the combination-based frequency hopping code division multiple access technique (FH-CDMA) proposed in 1980 [20] - [22] , where the combination pattern of the frequency bins was used for conveying information, hence resulting in an improved throughput. The first conference paper on single-RF based SM was published in 2006 [23] , but its extensive research was mainly fueled by the pioneering works of Haas et al. [16] - [18] , Mesleh et al. [16] , [24] , [25] , followed by Yang et al. [26] , Sugiura et al. [27] , Renzo et al. [28] - [32] , Panayιrcι and Poor et al. [33] , Başar [34] , Chang et al. [35] , [36] as well as Jeganathan et al. [37] . Throughout its decadelong history, the SM concept has been termed in different ways and it was extended to different scenarios. The wide-ranging studies disseminated in [23] - [42] have characterized some of the fundamental properties of SM. For example, the attainable bit error rate (BER) performance in different fading channels [23] , [29] - [32] , [37] - [39] , the issues of achieving transmit diversity [27] , [28] , [31] , [40] , the effects of channel estimation errors [32] , [41] , [42] , as well as the effects of power imbalance [43] have been characterized. Moreover, some simplified and generalized SM schemes have also been proposed by exploiting the different degrees of freedom offered by the temporal domain, frequency domain and spatial domain fading [17] - [19] , [27] , such as the space shift keying (SSK), the generalized SSK (GSSK), the generalized SM (GSM), the space-time shift keying (STSK), the space-frequency shift keying (SFSK) and the space-time-frequency shift keying (STFSK) arrangements. It was found that SM and its variants are capable of striking a flexible tradeoff amongst the computational complexity imposed, the number of RF chains required, the attainable BER and the achievable transmission rate.
To be specific, SM relies on the unique encoding philosophy of activating one out of numerous transmit antennas (TAs) during each channel-use [23] - [31] . The activated TA then transmits classic complex-valued symbols of amplitude and phase modulation (APM). Since in SM only a single TA is activated at any time instant, its transmitted signal is sparse in the spatial domain. The advantages of SM-MIMO include its low-dimensional signal representation as well as reduced RF hardware complexity, cost, and size [18] , [19] . Moreover, it is capable of relaxing the requirement of inter-antenna synchronization and of mitigating the inter-antenna interference of conventional MIMO schemes. Apart from the earlier variants and extensions of SM disseminated in [17] - [19] , recently a variety of SM-related classes have been proposed, including those designed for spectrum sharing environments [44] , for multiple access transmissions [45] , for energy-efficient applications [46] , for cooperative SM scenarios [47] - [53] and for closedloop designs [54] . The above-mentioned potential benefits of SM over the conventional MIMO techniques have been validated not only via numerical simulations [16] , [23] , [29] - [32] , [37] - [39] but also by laboratory experiments [55] - [57] .
Despite of its rich literature [23] - [37] , the family of SMrelated schemes has been predominantly investigated in the context of flat fading channels. In the case of wide-band frequency-selective channels, orthogonal frequency-division multiplexing (OFDM) [58] is generally assumed in SM-related schemes. In this case, multiple TAs have to be simultaneously activated over the OFDM frame, which will jeopardize most of the single-RF benefits of SM-MIMO. Moreover, the OFDM signal has a high peak-to-average power ratio (PAPR), which may result in a low power amplifier efficiency [59] . Furthermore, the computational burden of performing the discrete Fourier transform (DFT) of the OFDM scheme increases with the number the TAs. Due to these reasons, the OFDMbased SM (OFDM-SM) schemes [60] and the related variants may not be suitable for the family LS-MIMO. In recent years, the family of single-carrier (SC) or SClike transmissions has become an interesting and promising alternative for LS-MIMO, which can reduce the complexity imposed by the DFT and has a lower PAPR than OFDM [61] - [64] . Moreover, as shown in [10] , [65] , the frequency-selective channel may be converted into a frequency-flat channel in LS-MIMO by carefully designed receive filters and therefore SC-based scheme can be directly used.
Motivated by the above-mentioned appealing characteristics of both SM and SC techniques shown in LS-MIMO transmissions, a flurry of research activities on SC-based SM (SC-SM) designs have been sparked off. In this paper we provide an overview of the broadband SC-SM architecture, which has the potential of exploiting the joint advantages of both SM and SC techniques. We summarize recent results concerning this novel transmission technique and outline the associated transceiver design, as well as a range of potential solutions in the scenario of LS-MIMO, highlighting its impediments as well as its future research directions to consider.
A. Outline
The remainder of this paper is organized as shown in Fig. 1 . Section II introduces the system model of the SC-SM technique and its relevant variants, emphasizing the transmitter design, the prefix selection and various detector designs. In particular, both the time-domain and the frequency-domain as well as the associated turbo equalizers are investigated. The potential advantages and disadvantages of the SC-SM scheme are summarized in Section III. In Section IV the applications of the SC-SM transceiver to LS-MIMO systems are presented, where different SC-SM designs conceived for the multiuser LS-MIMO uplink and downlink are reviewed. Section V highlights a range of design issues that require more intensive study. Finally, Section VI concludes the paper.
B. Notations
The following notations are employed throughout this contribution. (·) T and (·) H denote the matrix transpose and Hermitian transpose, respectively. The probability of an event is represented by p(·). Furthermore, · and | · | denote the Euclidean norm and magnitude operators, while U is the number of users, N tot is the number of antennas at the BS for its MU transmission and N u is the number of antennas at each user for their multiuser transmission. Furthermore, N t and N r are the number of the antennas at transmitter and receiver for their point-topoint transmission, respectively, while M SM , M VBLAST and M STBC are the sizes of the PSK/QAM constellation used in SM, space time block code (STBC) and vertical Bell labs layered space-time (VBLAST), respectively; K is the length of the transmission frame; b is the transmitted bit vector; e i is the natural basis vector with only a single nonzero element at ith position; L is the maximum channel impulse response duration; ν is the length of the prefix of the transmit SC frame and x is the SM transmit symbol vector.
II. SYSTEM MODEL OF SC-SM

A. Transmitter Design
In this section, we consider a broadband SC-SM based MIMO system employing N t TAs as well as N r receive antennas (RAs) and communicating over a frequency-selective fading channel, as depicted in Fig. 2 . In a conventional narrowband SM scheme, the information bits are conveyed by the indices of the TAs as well as the classic APM constellation (i.e. M SM -PSK/QAM). Specifically, one of the N t TA elements is activated at each time slot by log 2 (N t ) information bits, while one of M SM -APM symbols is selected by another log 2 (M SM ) information bits, which will be transmitted by the activated TA. In other words, the numbers of bits conveyed by the TA indices and APM symbols are log 2 (N t ) and log 2 (M SM ), respectively. In total, m SM = log 2 (N t M SM ) bits are sent over one SM symbol.
In broadband SC-SM, each SC transmit block is composed by the prefix part and the data part. The data part contains K SM symbols, each of which consisting of m SM bits. Hence, a total of m r = K m SM bits are conveyed over an SC-SM symbol. We assume that there are L resolvable multipath links between each TA and RA pair, an M SM -PSK/QAM scheme is adopted, and N t is a power of two 1 . Generally, in SC-SM based MIMO transmission [66] , each transmit block can be generated by the following three steps:
The pseudo-code of Algorithm 1 is given in Table I . An example of conventional SM mapping rule for N t = 2 employing BPSK modulation is portrayed in Fig. 2 . In this system, the number of bits conveyed by each SM symbol is m SM = log 2 (N t M SM ) = 2. All possible two-bit combinations Algorithm 1. Generation of a Transmit Frame According to SM Mapping Rule 1) First, the information bit stream is divided into vectors containing m r = K m SM bits each, which will be transmitted over one SC-SM frame. Furthermore, each vector is split . For simplicity, we refer to these two sets of bits as TA-bits and APM-bits. The resultant SM symbol based on the sub-vector b(k), k ∈ {1, · · · , K } can be formulated by
where q(k), k ∈ {1, · · · , K } is the index of the activated TA during the kth interval. The corresponding transmit block of the K SM-mapped symbols is formulated as
e. the zero-padding (ZP) or cyclic prefix (CP) vector, is inserted for preventing the inter-block interference (IBI), which has to have a length larger than or equal to the maximum channel impulse response (CIR) duration L. Then, the SC-SM signal block and its prefix is transmitted over (K + ν) consecutive symbols durations.
{00, 01, 10, 11} are mapped to the TA indices {1, 2} and to the BPSK constellation {−1, +1}, e.g. TA 1 is activated to transmit the BPSK constellation point −1 when the input bits are 00. According to Algorithm 1, at the receiver side,
where y k, j is the received signal on jth RA at time slot k, is given by
where H l is an N r -by-N t matrix with the entry h l i j being the lth CIR of the link spanning from the jth TA to the ith RA. Moreover, η(k) ∈ C N r ×1 is the noise vector, whose elements are complex Gaussian random variables obeying CN (0, N 0 ). To elaborate a little further, we will provide an example of SC-SM in Section II-C.
B. Prefix Selection for SC-SM
As shown in Fig. 2 , in order to suppress IBI, each SC block is extended by a guard interval, termed as the prefix vector. In TABLE I  GENERATION OF AN SC-SM TRANSMIT FRAME ACCORDING TO SM  MAPPING RULE conventional SC-based MIMO systems, the commonly adopted guard interval schemes may be roughly divided into four fundamental types [61] , [62] , as illustrated in Fig. 3 , where both the attainable transmission rate and the power efficiency of an SC-based system are highly dependent on the specific type of the guard interval used.
• CP scheme: The last samples of each transmit block of K samples are copied to the beginning of this transmit block. Apart from the elimination of the IBI from the previous block, it also transforms the linear convolution of a frequency-selective multipath channel into a circular one and thus permits low-complexity channel diagonalization in the frequency domain at the receiver. However, the CP scheme suffers from a power efficiency reduction according to the factor of K /(K + ν).
• ZP scheme: A guard interval of samples is padded after each transmit block, during which no signal is transmitted. It can avoid the power efficiency erosion of the CP scheme. Moreover, it supports a linear receiver in achieving full multipath diversity in some transmission scenarios [61] . The price paid is a somewhat increased receiver complexity.
• Known symbol padding (KSP) scheme: A guard interval consisting of a sequence of known samples is added after each transmit block. These known samples may represent a carefully designed sequence, such as a pseudo noise sequence [62] . In case of both CP and ZP schemes, data-aided channel estimation is performed by replacing some data symbols with pilot symbols, while the known symbols of KSP inserted into the guard interval can be directly used as pilot symbols. Note however that the KSP scheme also suffers from a power efficiency loss.
• Non-prefix scheme: The employment of the prefix vector imposes both a power and a spectral overheads, especially in case of a short channel coherence time and long CIR. To mitigate power and spectral overheads, the IBI can be reduced by using a powerful receiver even in the absence of a prefix vector, where iterative detection may be used. Moreover, to avoid the overhead imposed by the pilot signals, implicit training [69] can be adopted. As a new SC-based MIMO technique, a suitable prefix vector should be carefully selected such that a specific SC-SM scheme can satisfy a diverse range of practical requirements. In [70] , the authors exploited the classic CP scheme in the context of an SC-SM scheme and provided a diversity analysis framework. It was shown in [70] that the diversity order achieved by the CP-aided SC-SM under maximum-likelihood (ML) detection is only determined by the number of RAs N r . Moreover, it was shown in [70] that their proposed SC-SM scheme is capable of outperforming its OFDM-based counterpart. However, the CPaided SC-SM scheme suffers from a high detection complexity as well as a multipath diversity gain erosion. To be specific, in such a case, the ML complexity of this scheme is in the order of O(N t M SM ) K and no multipath diversity gain can be achieved.
More recently, Rajashekar et al. [71] further generalized the solutions of [70] , where a ZP-based SC-SM was proposed for reducing the order of ML detection complexity from
with L being the length of the CIR. Moreover, it was shown in [71] that the ZP-aided SC-SM scheme offers a full receive and multipath diversity order of L N r and hence achieves significant performance improvement compared to both the CP-aided OFDM-SM and the CP-aided SC-SM schemes.
C. An Example for SC-SM
As an example, let us consider a (2 × 2)-element MIMO transmission (N t = N r = 2) associated with the throughput of m MIMO = 4 bits/channel-use (bpcu). We are interested in the comparison of SM with respect to other MIMO arrangements, such as the classic STBC and VBLAST schemes. In Fig. 4 , five different MIMO schemes, namely SC-SM, OFDM-SM, SC-VBLAST, OFDM-VBLAST and OFDM-STBC, are considered. Note that in order to achieve the identical throughput, we consider 8-PSK, QPSK, and 16-QAM constellations for the SM-based, VBLAST, and the classic Alamouti STBC schemes [72] , respectively. In all OFDM-based schemes, only the classic CP vector is inserted. For the sake of simplicity, we assume that the CIR length is L = 3 and the frame length is K = 4. Hence, the K MIMO symbols of a single frame convey a total of (K × m MIMO ) = (4 × 4) = 16 bits. As shown in Fig. 4 
. Thus, the bits conveyed by the TA index are
and the bits conveyed by 8-PSK signals are 
2) OFDM-SM:
The initial bit-to-symbol mapping process of OFDM-SM is the same as that of the SC-SM scheme, except that the transmit signal X is considered to be a frequency-domain signal and an inverse fast Fourier transform (IFFT) unit is used to produce the corresponding complex-valued time-domain signal, e.g., the frequencydomain vector [0 1 0 0] transmitted over TA 1 is converted to its time-domain signal as [0.5, 0.5i, −0.5, 0.5i]. As shown in Fig. 4 , the OFDM-SM signal generated is no longer sparsely distributed in the spatial domain and two TAs (two RF chains) have to be simultaneously activated over the OFDM frame. [−3 + 3i, 1 + 3i, 1 + 3i, −1 − 3i]. Then, the Alamouti encoding matrix is applied to every pair of symbols and an IFFT unit converts the frequencydomain signal into its time-domain counterpart. Based on the transmit models of Fig. 4 , we compared the BER performance of SC-SM schemes against that of the conventional MIMO schemes in Fig. 5 over Rayleigh fading channels having a uniform power delay profile [71] . In this context, several commonly used detectors are considered, i.e. ML detector, single-tap based minimum mean-squared error (MMSE) detector or MMSE based frequency-domain equalization (FDE) [66] , [70] , [71] .
As shown in Fig. 5 , the ZP-aided SC-SM scheme using the ML detector is capable of achieving a considerable diversity gain and hence it attains the best BER performance amongst all benchmark schemes. As pointed out in in [62] , the ZP-type prefix vector results in a better BER compared to its CP counterpart, since in the latter case any data detection errors may affect both the information symbols and the CP symbols. In this comparison, we only consider a small frame length K for illustration purpose. In [71] and [88] , more comparisons of the SC-SM schemes over other MIMO schemes are provided for larger K , in which the afore-mentioned BER benefits were also observed.
Moreover, in Table II , the complexity orders of different ZP-aided and CP-aided MIMO schemes are compared, where only the multiplications of complex numbers are counted.
The complexity orders of different detectors for OFDM-SM, OFDM-STBC and OFDM-VBLAST schemes can be found in [16] , while that of the other MIMO schemes can be found in [71] and [88] . In Table II , we also provide the complexity order of the near ML detector, namely low-complexity single-stream (LSS) detector [88] , for the promising ZP-aided SC-SM. The details about the near-ML LSS detector will be further discussed in Section II-D. As shown in Table II , the CP-aided MIMO systems with the MMSE and the MMSE-FDE based detectors exhibit lower complexity orders compared to those of ZP-aided MIMO systems with time-domain detectors (ZPaided SC-VBLAST with MMSE detector and ZP-aided SC-SM with LSS detector), since these CP-aided systems can use lowcomplexity one-tap equalizations. However, as shown in our simulation results, CP-aided MIMO systems suffer from a multipath diversity gain loss. As proved in [71] , the ZP-aided SC-SM scheme with ML detector is capable of offering full multipath diversity and hence exhibits better BERs shown in Fig. 5 . This benefit can also be achieved by using the LSS algorithm proposed in [88] , as will be shown in Figs. 7 and 8 in Section II-D.
By taking into account both the BER and the complexity, we conclude that ZP-aided SC-SM is a promising candidate for dispersive MIMO channels. Note that the detection complexity of ZP-aided SC-SM may be further reduced by exploiting the spatial-domain sparsity of SM symbols, as discussed in [88] and Section III. Moreover in Table II , we also provide the number of RF chains required for different MIMO schemes in dispersive channels. It is shown in Table II that the SC-SM schemes require only a single RF chain at the transmitter.
Note that although the above-mentioned research demonstrated that the ZP based scheme constitutes a promising prefix option, further investigations are required to strike an attractive tradeoff amongst the detection complexity imposed, the attainable BER, as well as the achievable transmission rate and power efficiency.
D. Some Transmitter Design Variants
In recent years, diverse generalized SM schemes have been proposed, such as the GSM of [73] - [75] , the SSK scheme of [37] , and the GSSK arrangements of [76] , [77] . However, these schemes have been predominantly investigated in the context of narrow-band scenarios, assuming that SM symbols are transmitted over flat-fading channels. However, in practice, most of the wireless channels exhibit frequency selective properties. This leads to several further generalized SM versions, which aim to provide increased transmission rate, improved the energy efficiency or higher multipath diversity gain [78] - [80] . Explicitly, there are three types of SC-SM variants: the SC-GSM scheme [78] , the space and time-dispersion modulation (STdM) scheme [79] and the family of SFSK arrangements [80] , which are detailed as follows:
• SC-GSM: As a natural extension of SM, the GSM scheme was proposed in [81] for the sake of achieving increased-rate data transmission, which activates several TAs-rather than a single TA or all TAs -to carry the information symbols during each time slot. Specifically, in GSM, N g out of N t (N g < N t ) TAs are activated during each time slot, where the information bits are conveyed both by the active TA-index combinations as well by the N g conventional APM symbols [82] . This extension has also been incorporated into SC-based transmission over dispersive channels, where the single-RF restriction is relaxed by using N g RF chains [78] . In general, SC-GSM includes SC-SM as a special case associated with N g = 1,
which strikes a trade-off among the transmit rate, the RF cost as well as the detection complexity.
• STdM: By exploiting the principle of SM in both timedispersion and space dimensions, an STdM scheme was proposed for frequency selective fading channels in [79] , where the channel's time-slot indices are exploited for conveying additional information, apart from the active TA index and the conventional APM symbols of SM. In contrast to conventional SC-SM scheme, STdM exploits the resolvable multipath components of the frequencyselective channel as a novel means of conveying additional source information. Specifically, in the STdM scheme, only one out of N t TAs was activated in one out of L − 1 resolvable multipath components, where L is the CIR length. In [79] , the energy efficiency of STdM was evaluated based on a realistic power consumption model and it was found to be more energy-efficient than SC-SM. Note that the design of STdM critically hinges on the idealized assumption that independent symbol-spaced taps are available for MIMO channels.
• SFSK: In [80] , by intrinsically amalgamating the concept of SM and linear dispersion codes (LDCs) [83] , Ngo et al. proposed the design philosophy of SFSK, which selects one out of ϕ orthogonal frequencies by a frequency shift keying (FSK) modulator. In contrast to the TA-index in conventional SM, in SFSK, the specific indices of the pre-designed space-time dispersion matrices are exploited for conveying extra implicit information. Moreover, this concept was further extended in [80] to enjoy benefits offered by the time, space and frequency domains. SFSK may be viewed as an SC-based transmission scheme, because only a single frequency tone (out of multiple carriers) is utilized in each transmission. Note that the transmission of space-time dispersion matrix requires multiple RF chains and the advantages of single-RF are eroded, except for the low-rate designs of [2] .
E. Detector Design
Traditional receiver architectures designed for conventional SM and classic MIMO schemes may not be directly suitable for the family of SC-SM, due to the following reasons:
(1) Conventional SM detectors of [19] , [84] , [85] are focused on the detection of the TA index and APM symbol in flatfading scenarios, which usually ignore the inter-symbol interference (ISI) caused by the channel's frequency selectivity. (2) Most of the existing MIMO detectors conceived for multipath fading channels are proposed under the assumption that the MIMO channel matrix has column full-rank (N r ≥ N t ) [58] , [86] . However, an attractive advantage of SM is that it can efficiently operate also in the challenging scenario of asymmetric/unbalanced MIMO systems, whose channel matrices may be rank-deficient due to having more TAs than RAs. This inspired recent research efforts in devising sophisticated receivers for SC-SM systems. At the time of writing, there are three typical receiver architectures: frequency-domain equalizer (FDE) [66] , [87] , time-domain equalizer (TDE) [70] , [71] , [88] and the powerful turbo equalizer (TEQ) [87] . A sketch of these detection techniques conceived for SC-SM systems is provided in Fig. 6 . Next, they will be characterized in a little more detail.
1) Frequency-Domain Equalizer:
An attractive lowcomplexity approach to ISI mitigation, in scenarios exhibiting a long CIR, affecting thousands of bits is constituted by FDEs, because we can rely on single-tap frequency-domain channel transfer factor (FDCHTF) instead of a time-domain equalizer having thousands of taps. Hence, SC systems using FDEs (SC-FDE) have been adopted in some recent communication standards, such as the third generation partnership project (3GPP) long-term evolution (LTE) standard. The benefits of SC-FDE also have been explored in the context of various MIMO techniques. A detailed overview of SC-FDE techniques was presented in [62] , [89] and both the MMSE-based FDEs and the decision-feedback equalizer (DFE) based FDEs were introduced. As a novel MIMO technique, SM may also be beneficially combined with SC-FDE methods for combating the effects of ISI.
To this end, in [66] various state-of-the-art FDE algorithms conceived for VBLAST were investigated in the context of CPaided SC-SM systems. Specifically, the zero forcing (ZF)-based FDE of [90] , the MMSE-based FDE (MMSE-FDE) of [91] , and the decision feedback based approaches [62] as well as the QR decomposition combined with the M-algorithm (QRD-M) [62] were utilized to recover the transmit vector, in which an SM signal vector was viewed as a special type of the VBLAST signal. Then, the low-complexity matched filter (MF) based detection method of [16] was utilized, where the activated TA index and the modulated APM constellation point are separately estimated. That detector directly combines the classic VBLAST detector conceived for ISI channels and the MF-based detector of conventional SM schemes for demodulation. It was shown in [66] that the QRD-M detector outperforms other detectors in the context of SC-SM systems, since it was designed based on the near-optimal tree search principle by selecting only M most possible survived branches [92] . Moreover, in [87] the authors exploited the MMSE criterion to derive the weights of the FDE for the CP-aided SC-SM. Similar to the classic MMSE-FDE, the received signals were first converted to their frequencydomain versions and then MMSE-based linear filtering was invoked for estimating the frequency-domain SC-SM signals by minimizing the average minimum square error between the frequency-domain signals and the estimates. Then, these estimates were converted to their time-domain counterparts, which were further divided into several independent SM symbols. Finally, the single-stream symbol-based ML detector of [84] was employed to each SM symbol for jointly detecting both the active TA index as well as the transmitted APM symbol. In contrast to the classic equalizers designed for traditional MIMO systems, it was found in [87] that their MMSE-based FDE taps depend on the sparsity of the SM symbols. In short, this detector first employs a carefully designed MMSE-FDE for generating an initial estimate and then invokes the conventional singlestream ML detector of SM for symbol-by-symbol detection. As shown in [87] , the complexity of this detector is independent of the CIR length. However, most of the above-mentioned FDE algorithms are only suitable for scenarios, where the channel matrix is of full-rank, i.e. N r ≥ N t .
2) Time-Domain Equalizer: A well-known classic approach to ISI-mitigation in the SC-based systems is based on the employment of a TDE. Various TDE methods [62] , such as the ML-based TDE, the low-complexity linear TDE, the parallel interference cancellation (PIC), as well as the successive interference cancellation (SIC) have been extensively studied in the context of MIMO systems. In contrast to the transmitted signals generated by conventional MIMO schemes, the transmit vectors of SM schemes are sparsely populated, since typically only a single TA is activated [18] , [19] . This constraint makes SM rather different from the classic STBC or the VBLAST schemes [1] and the TDE of SC-SM has to be carefully designed for exploiting the benefits of both SC and SM techniques.
In [70] , an optimal ML detector was proposed for SC-SM schemes, which carries out an exhaustive search for finding the global optimum in the entire transmit signal space. This detector jointly detects the entire transmission frame to retrieve the original m r bits. The advantages of the ML detector over the ZF and the MMSE detectors were evaluated for the CP-aided SC-SM schemes. However, as both the transmission rate and K increase, the complexity of the ML detector becomes excessive.
To attain a high diversity gain, in [71] a ZP-aided SC-SM scheme was investigated. To reduce its detection complexity, the authors viewed this system as a new kind of STBC scheme, which allows the use of STBC's generalized distribution law (GDL) to simplify the corresponding ML detector. It was found that the order of the ML detection complexity in the ZP-aided SC-SM scheme only depends on the CIR length rather than on the frame length K , as mentioned in Section II-B. To further reduce the complexity imposed by a large value of L, a low-complexity PIC-based receiver with SIC (PIC-R-SIC) was proposed in [71] , which is capable of achieving both multipathand receiver-diversity gains (compared to ML detector) for some specific channel conditions. Compared to the conventional PIC-R-SIC designed for STBC schemes operating in a flat-fading scenario, the extended PIC-R-SIC detector is suitable for a dispersive channel, which operates by converting the dispersive multipath channel into a set of frequency-flat block fading subchannels.
Another promising method of reducing the complexity of the ML detector is constituted by the sphere decoding (SD) algorithms of [93] , the concept of which is to search for the closest lattice points within a certain SNR-dependent search radius. However, the number of surviving search paths is still relatively high for a large tree and it may only be suitable for SC-SM schemes having a small frame length K .
Relying on the concept of the classic M-algorithm, in [88] the authors proposed a low-complexity single-stream (LSS) detector for avoiding the channel inversion operation of the PIC-R-SIC scheme, while striking a flexible tradeoff between the computational complexity imposed and the attainable BER. Note that in the traditional M-algorithm, the QR-decomposition requires the channel matrix to be a full-rank (column-wise) matrix. Hence, it can not be directly applied by the ZP-aided SC-SM, where the channel matrix may be rank deficient. In the proposed LSS, the QR-decomposition is avoided by properly exploiting the single-stream ML detection of [84] . It was found that their proposed LSS detector is also capable of efficient operation in the challenging rank-deficient channel scenarios.
3) Turbo Equalizer: It is worth noting that nearly all wireless communication systems employ some forms of forward error correction (FEC) to counteract unpredictable transmission errors, which require soft-decision based detectors rather than the hard-decision based TDE and FDE. The classic TEQ [94] has also been demonstrated to be an effective soft-decision receiver in frequency selective fading channels, incorporating both equalization and channel decoding. The basic concept of TEQ relies on the iterative exchange of soft information in the form of log-likelihood ratios (LLRs), between the equalizer and the decoder. The trellis-based TEQ relying on the Viterbi algorithm and the Bahl-Cocke-Jelinek-Raviv (BCJR) algorithm [94] imposes high complexity in the context of SC-MIMO systems, especially for high CIR lengths L and for a large APM size M SM . Hence, the low-complexity yet efficient MMSE-based TEQ is the one that is commonly used.
Recently, in [87] an MMSE based low-complexity softdecision FDE algorithm was developed for broadband high-rate SC-SM systems, which is capable of operating in dispersive channel having a long CIR. Specifically, they first proposed a hard-decision aided SC-SM detector based on the MMSE criterion and then developed its soft-decision version by employing maximum a posteriori (MAP) demodulation. The MMSE-FDE coefficients obtained are different from those derived for traditional MIMO schemes, because every SM symbol exhibits sparsity. Moreover, in [87] a three-stage concatenated SC-SM architecture was proposed for attaining a near-capacity performance by amalgamating a recursive systematic convolutional code and a unity-rate convolutional code, which was achieved by exchanging the extrinsic information of these decoders a sufficiently high number of times, until no more iteration gains were achieved. Effectively, this resulted in a two-stage system. Similar to the above-mentioned FDE detectors, this detector was also designed under the constraint of N r ≥ N t .
Note that most of the above-mentioned detectors assume that perfect channel state information (CSI) is available at the receiver. However, it is challenging to acquire accurate CSI, which results in a severe degradation of the achievable performance. This effect has been theoretically analyzed in narrowband SM systems. In order to dispense with CSI-estimation, some differential SM schemes have been proposed in flatfading scenarios [18] . However, these investigations have not been extended to SC-SM. This issue will be further discussed in Section V-F.
4) Performance:
The observations above have shown that the TDE-type detectors may be more attractive in the context of SC-SM, since they are capable of retaining all the benefits of SC and SM techniques. They are also suitable for arbitrary antenna configurations, including the scenarios of N r ≤ N t . Fig. 7 characterizes the BER performance of the ZPaided SC-SM schemes in the context of (2 × 1) and (2 × 2) MIMO channels at a throughput of m SM = 4 bpcu for transmission over Rayleigh multipath channels having a uniform power delay profile [71] . To evaluate the performance gaps between the low-complexity sub-optimal detectors and ML detector, we first consider a small frame length K in our simulations and then adopt a higher value of K . To be specific, in Fig. 7 , similar to the setup of [71] , the frame length is set to K = 4 and the 8-PSK constellation is adopted, the CIR length is L = 3 and different TDE algorithms are considered. We also consider the identical-throughput CP-aided OFDM-SM schemes of [16] as benchmarkers.
Observe in Fig. 7 (a) that the LSS detector performs well in rank-deficient (2 × 1)-element MIMO channels, while the PIC-R-SIC method suffers from a multipath diversity reduction. For (2 × 2) MIMO channels, the LSS detector having M = 8 outperforms the PIC-R-SIC method and provides a signal-to-noise ratio (SNR) gain of about 1.6 dB at the BER of 10 −5 . Moreover, in Fig. 7(b) the performance gap between the LSS detector and the exhaustive-search-based ML detector is only about 5 dB and 1 dB for M = 4 and M = 8, respectively. This gap can be further reduced by setting a larger value of M at the cost of a higher complexity. In general, the LSS detector is capable of adjusting the parameter M for striking a flexible tradeoff ZP-AIDED SC-SM SCHEME between the attainable BER and the detection complexity imposed.
The above-mentioned benefits of the LSS detector recorded for the ZP-aided SC-SM are also visible in Fig. 8 , where a long frame length of K = 128 and a large number of TAs, namely N t = 32 are considered in the extended vehicular a channel (EVA) model [90] . In Fig. 8 , the BER performance of the optimal ML detector is not provided due to its excessive complexity. It is shown in Fig. 8 that the BER of the PIC-R-SIC scheme may have an error floor effect under rank-deficient channel conditions, which was also observed in [88] .
5) Complexity:
In Table III , the complexity orders of the PIC-R-SIC, the ML and the LSS detectors employed in Figs. 7 and 8 are compared. It is shown that the complexity of the ML detector is unaffordable as it grows exponentially with the CIR length L. Based on the results of Tables II and III, it is noted that the time-domain based LSS detector has a similar complexity order to that of the classic linear MMSE based detector. In Tables IV and V, we also provide the approximate complexity of the configurations adopted in Figs. 7 and 8 . It is shown that the LSS detector is capable of striking a flexible tradeoff in terms of the BER attained and the complexity imposed by adjusting the parameter M. 
III. POTENTIAL ADVANTAGES AND DISADVANTAGES
In light of the transceiver design described in Section II, we summarize some potential advantages, tradeoffs and disadvantages of SC-SM in Fig. 9 .
A. Potential Advantages 1) Simple Transmitter Design:
In conventional MIMO systems, such as the VBLAST and the STBC schemes, the hardware complexity and cost rise with the number of TAs N t . Moreover, the deleterious effects of RF circuit mismatches and coupling impairments also grow with the value of N t . These factors limit the number of antennas. As shown in Fig. 2 , SC-SM relies on the unique encoding philosophy of activating one out of numerous TAs at each time slot, hence only a single RF chain (N g RF chains for the SC-GSM scheme, N g < N t ) is required instead of N t parallel RF chains. Hence its RF section has a reduced complexity and cost. On the other hand, in conventional OFDM-based MIMO transmissions, the complexity imposed by performing the DFT operations for its signal modulation and demodulation also increases with N t . As shown in Section II and Fig. 2 , this computational complexity and the RF hardware complexity can be reduced by employing the SC-SM based transmitter advocated.
2) Simple Receiver Design: Data detection in the conventional MIMO systems is one of the most challenging tasks in terms of both its computational complexity and its power consumption, especially in the LS-MIMO scenarios. In dispersive channels, the employment of SC or OFDM techniques further increases the dimensionality of the underlying detection problem. In SM, since only a single TA is activated for transmission, this allows us to design a low-complexity single-stream receiver, such as the LSS detector. Moreover, based on the unique bit-to-vector mapping rule of SC-SM detailed in Algorithm 1, the transmit vector of SC-SM associated with each TA has as low a fraction of nonzero elements as K /N t for each row of X. Usually, a matrix or vector is referred to as sparse, if the number of nonzero elements in it is less than 20% of the total number of elements. Since the sparsity ratio of SC-SM is 1/N t , for N t > 4 the transmit matrix X is deemed sparse and hence the detection can be regarded as a sparse reconstruction problem. Therefore, the classic sparse reconstruction theory [95] , [96] may be invoked for recovering the transmitted signals.
Accordingly, a number of related contributions have concentrated on the design of SM detection schemes based on compressive sensing (CS). A message passing detection algorithm was proposed in [105] for the multiple access channel (MAC) in conjunction with a high number of antennas at the BS. An iterative detector was developed for large-scale MACs in [106] , where the authors decoupled the antenna and symbol estimation processes for reducing the total detection complexity. The algorithm introduced in [112] beneficially exploits the sparsity of SM transmission in the MAC. In [107] , a generalized approximate message passing detector was preferred to the high-complexity stage-wise linear detector. A closely related approach has also been developed in [113] in order to mitigate the effects of spatial correlation imposed on tightly-packed antennas.
3) Low PAPR and Robustness to Phase Noise: OFDM has attracted substantial interests because it offers a powerful and practical means to mitigate the effects of ISI in high-throughput MIMO transmissions [58] . However, the DFT operation based modulation at the transmitter disperses each sub-carrier's modulated signal across the entire DFT-block and hence erodes the single-RF benefits of SM-MIMO [87] , whilst simultaneously resulting in a high PAPR. By contrast, SC-SM is capable of retaining all the benefits of SM, whilst exhibiting a lower PAPR than its OFDM-based counterpart [66] , [71] , [87] . As a result, the performance of SM is less affected by the transmitter's power amplifier nonlinearities. A further benefit of SC-SM is its higher robustness both to the frequency offset and to the phase noise, than that of the OFDM scheme, owing to its inherent SC structure.
As an example, we assume that the number of TA is N t = 2, the throughput is m SM = 5 bpcu. The data block size is K = 256 and the oversampling factor is set to β = 4 for PAPR calculation as pulse shaping is considered. In Fig. 10 , we present the transmit signal generation and PAPR calculation process of SC-SM and OFDM-SM schemes. The detailed signal generation processes of SC-SM and OFDM-SM are similar to that in Fig. 4 , except that a pulse shaping unit is added in SC-SM scheme for practical signal transmission.
Based on the transmit signal model of Fig. 10 , the corresponding complementary cumulative distribution functions (CCDFs) of the PAPR of both SC-SM and OFDM-SM systems are shown in Fig. 11 . For the sake of simplicity, we only give the CCDF result of the PAPR for the signal vector transmitted over TA 1, since the CCDF result recorded at TA 2 is similar to that of TA 1. The CCDF explicitly shows the probability of having a PAPR, which is higher than a certain PAPR threshold of PAPR 0 , namely that we have Pr{PAPR > PAPR 0 }. To evaluate the effects of pulse shaping on SC-SM, we convolve each transmitted symbol waveform with a raised-cosine filter having the roll-off factor α.
As observed in Fig. 11 , in the absence of pulse shaping, the PAPR of the SC-SM scheme is about 8.5 dB lower than that of the SC-OFDM scheme at a CCDF of 10 −3 . As a further metric, the PAPR of the transmitted SC-SM signals only has a 1% probability of being above 3.5 dB. Fig. 11 also shows that in conjunction with the raised-cosine filter, the PAPR increases for the SC-SM schemes, but it still remains better than that of OFDM-SM. It is observed in Fig. 11 that the performance can be improved by using a larger value of the roll-off factor α at the cost of an increased out-of-band radiation [82] . This implies that there is a tradeoff between the attainable PAPR and the out-of-band radiation imposed.
In Fig. 11 , the effects of antenna switching in SM are not considered in the design of the pulse shaping filter. As shown in [117] , a high roll-off factor is necessary for conventional raisedcosine filter to ensure that the transmit power is concentrated within a short time period so as to enable a single RF chain in SM. Hence, two large values of α are utilized in the PAPR comparison of Fig. 11 , such as α = 0.6 and 0.8. The design of time-limited waveforms for single-RF based SC-SM scheme is still a challenge, which will be further discussed in Section V-A.
4) High Throughput and High Energy Efficiency:
As a new three-dimensional (3-D) hybrid modulation scheme, SM exploits the indices of the TAs as an additional dimension invoked for transmitting information, apart from the classic two-dimensional (2-D) APM [82] . SC-SM also adopts this principle and hence achieves a higher throughput than that of the single-antenna and the STBC-MIMO systems. In dispersive channels this gain can be further exploited by using the STdM-like schemes of [79] , which relies on the index of the resolvable multipath links as a means of conveying additional source information. Since SM can be realized by using a single RF front-end, the high-cost power amplifier, which is typically responsible for the vast majority of power dissipation at the transmitter, can be reduced. Specifically, recent results based on a realistic power consumption model have shown that a SM-aided base station (BS) has a considerable power consumption gain compared to the multi-RF chain assisted MIMO arrangements (up to 67% more energy efficient in the context of N t = 4) [97] . This energy benefit may also be retained by the SC-SM systems.
5) Flexible Design:
As shown in Fig. 2 , due to the single-TA transmission mode, the minimum number of RAs required for efficient detection can be set to one, regardless of how many TA there are. Hence, SC-SM can be flexibly configured for diverse TA and RA configurations, especially for the challenging scenario of asymmetric/unbalanced MIMO systems. As a further advance, SC-SM can be jointly designed in combination with the classic VBLAST and the STBC schemes for striking a flexible tradeoff among the attainable transmit rate, the diversity gain and the cost, which retains the key advantages of SM, while activating multiple TAs [75] , [98] . Furthermore, SC-SM can be employed for exploiting the potential multipath diversity or the resolvable multipath-component-based multiplexing gain available in dispersive channels, i.e., the ZP-aided SC-SM scheme of [71] and the STdM scheme of [79] . Additionally, in SC-SM, the prefix vector can be flexibly selected according to the practical system requirements.
B. Some Tradeoffs and Disadvantages
1) Throughput, Diversity, Detection Complexity, and RF Cost Tradeoff:
In contrast to V-BLAST which is capable of achieving a high multiplexing gain, the family of SC-SM schemes may offer only a logarithmic (rather than a linear) increase of the throughput with the number of TA N t or the number of TA combinations. This may limit SC-SM for achieving very high spectral efficiencies. Moreover, the conventional SC-SM schemes only achieve receiver diversity and multipath diversity, but no transmit diversity. In conventional narrowband SM scheme, this impediment can be circumvented by employing open-loop as well as closed-loop transmit symbol design techniques [16] . However, these techniques may be not directly suitable for SC-SM systems. Indeed, the degree of freedom in a MIMO system can be allocated by different ways to achieve different tradeoff among different conflicting performance factors. As a new MIMO scheme, SC-SM exploits this degree of freedom to reduce the number of transmit RF chains and the detection complexity, at certain losses of diversity and multiplexing gains.
2) Overhead of Channel Estimation:
The coherent detection of the SC-SM scheme in Fig. 2 requires that CSI is available at the receiver. However, it is challenging to acquire accurate CSI of all MIMO channels. The peculiar transmit encoding of SC-SM based over a limited number of RF chains may introduce an additional training overhead, since the CSI of the MIMO subchannels may not be estimated simultaneously.
3) Antenna Array Design: Compared to the conventional full-RF based MIMO schemes, the configuration and deployment of the TA arrays for the single-RF based SC-SM pose some design challenges, because it requires fast TA switching and low spatial correlation between TAs. Due to the unique encoding principle of SC-SM, the active TA index used to convey information may be changed symbol-by-symbol, hence a high-speed RF switching is required. Moreover, SC-SM requires sufficiently low correlation among the channels of the spatial streams for yielding adequate BER performance. Hence, the channel correlation and mutual coupling effects should be carefully considered in the TA array design and implementation for SC-SM based systems.
These above-mentioned advantages and disadvantages indicate that the SC-SM scheme appears to be an attractive low-complexity low-cost option for the emerging family of LS-MIMO systems. Recently, many promising preliminary solutions have been developed to circumvent the above-mentioned disadvantages, which succeeded in improving the tradeoff among the conflicting factor associated with the design of SC-SM systems, such as the computational complexity imposed, the attainable BER, the achievable throughput, the RF cost and the pilot overhead, just to name a few. For example, the SC-GSM scheme may be invoked for improving the throughput, and the STBC scheme can be amalgamated with SC-SM for the sake of increasing the transmit diversity order, while differential SC-SM schemes can be developed for reducing or eliminating the pilot overhead. More related discussions will be provided in Section V. In the next Section, we will provide an up-to-date review of the application of SC-SM in LS-MIMO scenarios.
IV. SC-SM FOR MULTIUSER LS-MIMO SYSTEMS
The observations and advantages described above have recently sparked off a flurry of research activities aimed at understanding the system design, the signal processing and the detector concepts of SC-SM for conceived multiuser (MU) LS-MIMO systems, as shown in Table VI . In this section, we first review and discuss the SC-based transmission research in the context of LS-MIMO design and then focus our attention on the recent SC-SM schemes proposed for the LS-MIMO transmissions.
A. SC-Based Transmission for LS-MIMO Systems
Again, in the design of LS-MIMO systems, most of the existing contributions rely on the assumption of flat fading channels. One of the reasons for this assumption is that there is some evidence that ISI can be treated as additional thermal noise [10] , [65] . However, this assumption has a limited applicability for practical transmissions over dispersive channels, when only a limited number of TAs is available. For the sake of combating the effects of ISI introduced by propagation over frequencyselective fading channels, OFDM is an attractive technique, since it facilities single-tap based equalization. However, it suffers from a high PAPR, as shown in Section III.
For these reasons, various LS-MIMO designs have been investigated in the context of energy-efficient SC or SC-like schemes [12] , [63] - [65] . More specifically, in [13] , a new softoutput data detector was proposed for uplink transmission by employing SC frequency division multiple access (SC-FDMA)-based LS-MIMO systems. In [13] some practical implementations were conceived for the scenario where all users are equipped with a single antenna. Specifically, the complexity issues of data detection were addressed and a low-complexity soft MMSE-based detector was proposed in [13] . In particular, the inherent matrix inversion of the MMSE algorithm was approximated by a low-complexity Neumann series expansion. It was shown that their proposed method imposes a complexity order of O(U 2 ), which is lower than the complexity order of O(U 3 ) imposed by the conventional MMSE-based detector, where U is the number of users. However, this approximate method may result in a degradation of BER performance.
In [63] the authors proposed a novel SC-based LS-MIMO scheme for frequency-selective multiuser Gaussian broadcast channels, where efficient downlink precoding was invoked. This transmit precoder (TPC) design is based on the assumption that the number of TAs N tot at the BS is substantially higher than the number of users U (N tot >> U ). Hence the channel hardening effect can be exploited to design the TPC matrix and the resultant TPC matrix is the linear weighted channel matrix (matched filter), instead of the inversion of the channel matrix. The extent of channel hardening can be viewed a measure of channel orthogonality, as discussed in [7] - [12] . It was shown [63] that the proposed SC scheme achieved a near-optimal sum-rate, with the aid of a low-complexity equalization-free receiver.
More recently, in [64] , the symbol-error rates (SERs) of the MF and MMSE detectors were investigated in the context of large-scale multiple-input single-output (MISO) systems both for a negative-exponentially decaying CIR model as well as for the typical urban channel model [99] . It was found [64] that the MMSE based detector performs better than the MF receiver. In [65] , the authors investigated the ML equalization of the SCbased LS-MIMO uplink for transmission over a Rician fading channel, in order to mitigate the ISI generated by the combination of the signals received from different antennas through a low-complexity MF. Moreover, by using this novel design, the MU-interference (MUI) caused by the line-of-sight (LOS) components, which may lead to an error-floor in the high SNR region for the conventional single-tap equalizer of [64] , can be effectively mitigated.
Note that although the above-mentioned research shows that the SC-based transmission constitutes a promising design alterative for LS-MIMO transmissions, most of the existing research has been based on the assumption that N tot >> U is satisfied and that all users are equipped with a single antenna. The existing solutions may be further improved in order to meet the demand for high-throughput transmissions, in which all the users are equipped with multiple antennas and the number of users U is large. In this case, future SC-based MIMO transmission technique should be designed to satisfy a diverse range of practical requirements and to strike an attractive tradeoff amongst the RF cost, the detection complexity and the BER performance. As it will be shown in the following two subsections, SC-SM can indeed be further developed for designing LS-MIMO systems to achieve these benefits both in downlink and uplink transmissions.
B. SC-SM Large-Scale MIMO Designs for Downlink Transmission
Owing to the compelling advantages of the SC-SM scheme discussed in Section III, recently it has been proposed for the MU LS-MIMO downlink, where the base station may be equipped with hundreds of TAs but only a few RF chains, while each user's receiver can be equipped with either a single or multiple antennas yet relying on a single RF chain. The general downlink model of the multiuser SM based LS-MIMO system is shown in Fig. 12 (a) . One of the key design challenges of this architecture is to construct a beneficial TPC for mitigating the MUI.
To this end, in [100] a single-cell downlink MU SM broadcast framework was investigated, which has N tot TAs at the base station and U active users, while each user is equipped with a single RA. In the proposed scheme, the N tot TAs are split into U subsets each associated with N d TAs and each subset is then allocated to a specific active user. These TA-subsets are then used for an SM-based transmission. Since there is a total of U TA subsets and only a single TA is active in each subset, the number of RF chains required is equal to U . In [100] , the SM-based data vector was preprocessed by using a carefully designed TPC for mitigating the MUI, while simultaneously retaining the benefits of SM. As shown in [100] , the classic ZF and MMSE TPCs derived for conventional MU MIMO systems are not suitable for SC-SM based MU downlink systems. This is because SM enables data decoding by exploiting the differences among the CIRs of the transmit-to-receive wireless links, but these TPCs may eliminate the channel matrix and hence jeopardize the bits carried by the TA indices. The TPC designed in [100] has considered this effect, which is capable of eliminating of MUI and retaining the CIR differences. The resultant TPC depends on the MU channel matrix H MU and can be expressed as (H MU ) −1 diag(H MU ), where diag(·) denotes the diagonal matrix operator.
The simulation results in [100] shows that their proposed scheme is capable of providing the same BER performance as that of the single-user SM transmission, i.e., interference-free. To avoid CSI estimation, an interference-aware detector was also proposed in [100] . Unlike the conventional MIMO-aided MU downlink systems, [100] shows that the direct multiuser detection is not preferred for SC-SM based MU systems. An alternative method is their proposed TPC scheme with single-user detection.
Relying on a novel approach, in [101] the authors proposed a new SM-based transmitter for MU LS-MIMO systems, where the index of the active RA of each user was exploited to convey extra useful information. This scheme can be viewed as an extension of the point-to-point receiver-side SM (RSM) concept of [102] - [104] to MU scenarios. To be specific, in RSM, a particular subset of receive antennas is activated and the specific activated pattern itself conveys useful but implicit information [102] - [104] . In RSM, the classic ZF or MMSE-based TPC schemes can be used for ensuring that no energy leaks into the inactive RA patterns. Based on a similar TPC design principle to that of RSM, a pair of novel methods, termed as subchannel selection and zero-padding, were proposed in [101] for implementing this new SM-based transmitter in the context of MU LS-MIMO downlink systems, where the ZF-based TPC design criterion was used. Moreover, asymptotically tight upper bounds were derived for the average bit error probability (ABEP) of these methods and the simulation results validated that the zero-padding method is more robust to the MUI [101] . Table VII shows the comparisons of a range of potential SC-SM designs at a glance. We can see that the existing SM-based LS-MIMO downlink transmission schemes have been focused on the TPC designs conceived only for narrow-band scenarios. How to extend these TPCs to broadband transmission is hence an important open issue for future research. A range of open design issues shown in Table VII will be discussed in more detail in Section V.
C. SC-SM Large-Scale MIMO Designs for Uplink Transmission
More recently, SC-SM has also been developed for the uplink of multi-access scenarios and the general system model of the associated uplink SC-SM LS-MIMO system is shown in Fig. 12 (b) . Compared to the downlink transmission, the key technological issue in Fig. 12 (b) becomes the design of lowcomplexity near-optimal detectors for the high-dimensional detection problems faced by the BS equipped with a large number of RAs.
To this end, in [105] the authors proposed a pair of lowcomplexity detection algorithms for SC-SM based LS-MIMO schemes operating in frequency flat-fading channels, supported by the graph-based message passing (MP) algorithm and the lattice-based local search concepts, respectively. Note that the graph-based MP algorithm is an attractive low-complexity nearoptimal approach conceived for large search spaces [108] , which has been used for the decoding of turbo codes [109] , the detection of MIMO signals [110] as well as for data clustering [111] . The basic idea of the graph-based MP is to graphically represent the factorization of a function and to compute marginals by passing messages over the edges of the graph [108] . The evolved version of the algorithm is mainly dependent on the associated graph structure and on the specific message passing method utilized. In [105] , the MU SC-SM LS-MIMO system is represented as a factor graph, where the received symbols were viewed as the observation nodes, while the transmit symbols were viewed as the variable nodes. The messages passed between variable nodes and observation nodes in the factor graph are approximated by a Gaussian distribution, which will be detailed both in the example of Section IV-D and in Fig. 13 .
Moreover, in [105] the relationship of the large-scale SC-SM and of the conventional LS-MIMO arrangement was investigated and the numerical results demonstrated that the SC-SM schemes are capable of providing beneficial system performance improvements over the conventional identicalthroughput MIMO schemes. For example, SM uplink associated with N u = 4 TAs/user and 4-QAM provides an SNR gain of about 4-5 dB over the conventional LS-MIMO uplink having N u = 1 TA/user and 16-QAM at BER=10 −3 for 16 users, 128 BS antennas for a throughput of 4 bits/channel-use/user.
The investigations of [105] were further extended in [78] , where the generalized SM -GSM concept was considered for the sake of achieving increased-rate data transmission. Furthermore, the authors of [78] provided a closed-form ABEP upper bound expression based on the conventional union-bound method and developed a pair of extensions for the graph-based MP detector designed for SC-GSM signal detection operating in frequency flat-fading channels. It was shown in [78] that the proposed detectors exhibit a considerably reduced complexity, while providing a near-optimal BER performance.
Moreover, the GSM-based system model of [78] was further developed for frequency-selective fading channels. In order to directly use the MP-based detector designed for the flatfading case, it was combined with a CP-based SC technique for conceiving an equivalent system model. The numerical results demonstrated [78] that the GSM scheme associated with 4 TAs/user, 4-QAM and 2 RF chains provides an SNR gain of about 12 dB over the conventional LS-MIMO having one TA/user and 64-QAM at BER=10 −3 for 16 users, 128 BS antennas, a throughput of 4 bits/channel-use/user, and a CIR length of L = 3. Moreover, it was found that [78] the proposed MPbased detectors are capable of improving the attainable BER performance, despite their reduced complexity, when compared to the classic MMSE detector.
TABLE. VII MAJOR CONTRIBUTIONS ON SC-SM AND ITS LARGE-SCALE MIMO DEVELOPMENTS
U : the number of users. N tot : the number of antennas at BS for the MU transmission. N u : the number of antennas at each user for the MU transmission. N t : the number of antennas at transmitter for the point-to-point transmission.
In [112] , the MP detector of [105] was further developed for employment in CP-aided SC-SM, where both the sparsity and the probability distribution of the transmit signals were exploited for reducing the MU detection complexity. As shown in [112] the most complex operation required for the proposed detector is constituted by parallelized matrixvector multiplications, which can be readily implemented in practice. In [112] the un-coded BER of the proposed MPbased detector was evaluated by applying the state evolution (SE) method, which is widely used to predict the performance of MP-like algorithms. Simulation results in [112] showed that the proposed MP algorithm is capable of achieving the near-ML performance. Moreover, an energy-efficient SC-SM scheme was proposed [112] , which adjusts the transmit parameters for optimizing the energy consumption at a predefined target BER.
Based on the system model of [112] , in [113] the authors investigated the MU detection issues in more practical scenarios, where the BS was equipped with low-resolution analogto-digital convertors (ADCs), only impose a low circuit-power consumption on the LS-MIMO system. In [113] , the classic least-square channel estimator was invoked and a novel lowcomplexity MP de-quantization detector was proposed, relying on the clustered factor graph method and the central limit theorem. The simulation results of [113] have shown that the proposed detector outperforms the existing linear detectors and can efficiently operate under realistic LS-MIMO channel conditions, when the antennas are insufficiently far apart to avoid correlated fading.
In [107] a low complexity detector was designed for the uplink of LS-MIMO systems using SC-SM, which was based on a CS approach. It was shown that the signal structure of SM in the multiple access channel can be exploited for providing additional information and for improving the performance of the CS algorithms. The simple SC-SM detector was shown to offer a substantially improved energy-efficiency compared both to classical MIMO detectors and to conventional SM detection approaches.
D. Uplink SC-SM LS-MIMO System Example and Performance Results
In Fig. 13 , we provide an example for an uplink SC-SM LS-MIMO transmission scheme, which has N tot = 64 antennas at the BS and U active users. Each user is equipped with N u = 4 TAs. For all users, we assume that the length of transmit frame is K = 128 and QPSK modulation (M SM = 4) is employed for each TA. Based on the SC-SM framework in Fig. 2 and Table I As shown in Fig. 13 , 4 bits are transmitted in each channel use for each user, hence the information bit stream is divided into multiple 4-bit vectors, each of which is further divided into 2 TA-bits and 2 APM-bits. Then, based on the SM mapping rule described above, the two TA-bits are used to activate an unique TA for transmission, while the two APM-bits are mapped to a QPSK symbol. For example, in Fig. 13 shows the detailed transmitted frame generation process based on Algorithm 1 for each user and provides examples for TA activation and QPSK signal transmission for the first symbol x i (1), i ∈ {1, · · · , 16} of each user. An earlier example on the SC-SM signal generation process can also be found in Section II-B.
Recently, a graph-based MP algorithm has been proposed in [78] . To describe its operating principle, we consider the MP detection in the context of flat-fading channels, which can be readily extended to frequency-selective fading scenarios by formulating an equivalent channel model, as shown in [78] . Let H(k) ∈ C N tot ×U N u denote the channel matrix in the kth time slot, whose elementh i,(u−1)N u + j (k) denotes the channel gain associated with the link spanning from the jth TA of the uth user to the ith BS RA. The signal received at the BS of the kth time slot is formulated by
whereh i, [u] (k) ∈ C 1×N u is obtained from the ith row ofH(k) and of the (u − 1)N u + 1 to the u N u columns ofH(k), with n i (k) being the noise term. As shown in Eq. (3), to detect the signal transmitted by the uth user, the received signal y i (k) can be divided into three components: the component with useful information for user u, the MUI component from other users, and the noise component.
Based on Eq. (3), in Fig. 13 the MU SC-SM LS-MIMO system is represented as a factor graph. Observe in Fig. 13 that the received signals y i (k), i = 1, · · · , 64 can be viewed as the observation nodes, while the transmit symbols x u (k), u = 1, · · · , 16 for the kth time slot can be viewed as the variable nodes. The messages passed between variable nodes and observation nodes in the factor graph are approximated by a Gaussian distribution. To be specific, the summation of the
MUI and noise term
of Eq. (3) is approximated as a Gaussian random variable with a mean of μ iu (k) and a variance of σ 2 iu (k). In the graph-based MP-based detection, some specific messages are iteratively exchanged between the observation nodes y i (k), i = 1, · · · , 64 and the variable nodes x u (k), u = 1, · · · , 16, in order to achieve improved estimation result. In our example, the specific messages sending from an observation node to a variable node are the scalar variables μ iu (k) and σ 2 iu (k), which are the mean and variance of the sum of MUI and noise N iu (k), respectively. The message from variable nodes x u (k) to observation nodes y i (k) is a vector about the a posteriori probability p k ui (s) of all possible transmitted SM symbols s. Note that there are 16 legitimate SM symbols s for 4 bits/channel-use/user, which are given at the bottom of Fig. 13 , the probability vector of which can be expressed as
. With the knowledge of μ iu (k) and σ 2 iu (k), the a posteriori probability p k ui (s) of all possible transmitted SM symbols s l , l = 1, · · · , 16 for the uth user in the kth time slot is given by
Note that the calculation of p k ui (s) is independent of the observation node y i (k) itself, hence this message can be viewed as the extrinsic information, which is passed to the observation node y i (k) as the a posteriori probability for estimation of the massages μ iu (k) and σ 2 iu (k) in the next iteration. The message exchanges between these factor nodes are iteratively carried out and the final detection is achieved by the following probability
. (5) Compared to the extrinsic information p k ui (s) in Eq. (4), the final decision metric p k u (s) relied on the values of all observation nodes. Finally, the detected SM signal of the uth user in the kth time slot is formulated as:
Then,x u (k) is demodulated by the SM demapper to the original data bit sequence.
In Fig. 13 , we give a simple example for the detection of To be specific, it is equal to 0.414 in the first iteration, increases to 0.731 after the second iteration and reaches 0.906 after the third iteration. Based on the example of Fig. 13 and on Eq. (6), it is found that the SM symbol s 15 is the final estimation result, which corresponds to the correct detection of x 1 (1) .
Based on a similar setup to that seen in Fig. 13 and [78] , in Fig. 14 we evaluated the BER performance of a multiuser CP-aided SC-SM LS-MIMO system associated with U = 16, K = 128, N r = 64, N t = 4 and QPSK modulation for transmission over the EVA model, where the MP-based detector of [78] is employed. The number of iterations (denoted by iter) employed by the MP-based detector is 8. Furthermore, the conventional MMSE-based multiuser detector is also considered as a benchmark. As shown in Fig. 14 , the MP algorithm has converged after 7 iterations, since the BER performance of iter = 7 and iter = 8 is almost identical. As expected, the MP-based detector is capable of efficiently detecting the SM symbols in large dimensions, as seen in Fig. 14 , which outperformed the conventional MMSE detector by about 5 dB at a BER of 10 −3 after 8 iterations. Moreover, as shown in [78] , in addition to having this BER gain, the MP-based detector exhibits a considerably lower complexity than that of the MMSE-based detector, because it uses a low-complexity iterative message exchange process for avoiding the high-complexity channel inversion of the MMSE scheme. To be specific, the approximate complexity order of the MP-based detector is O(N tot K N u M SM ), while the complexity order of the MMSE-based detector is O(N 2 tot K N u ). The MP-based detection exhibits considerable complexity reduction, since we have N tot >> N u M SM in LS-MIMO systems.
Based on Table VII and our example, we can see that the above-mentioned SC-SM designs for LS-MIMO uplink transmissions are more focused on the MU detector designs for the family of CP-aided SC-SM schemes. By contrast, as shown in Section II, the family of ZP-based SC-SM schemes may be preferred over its CP-based counterpart and further investigations about the ZP-aided SC-SM designs are required. In Table VIII , we compare the throughput and the number of RF chains required for different MU LS-MIMO schemes, where the SC-GSM based MU LS-MIMO is capable of striking a flexible throughput versus RF cost tradeoff. Moreover, in [78] , a BER comparison between the MU SC-GSM LS-MIMO and MU SIMO LS-MIMO was presented to study the advantages of SC-SM schemes. It was shown that the MU SC-GSM LS-MIMO outperforms the conventional MU SIMO LS-MIMO by about 10 dB in terms of SNR at the throughput of 6 bits/channel-use/user. Nevertheless, current research results are still preliminary and further investigations are required to identify the benefits of the family of MU SC-SM LS-MIMO schemes over other LS-MIMO schemes.
Furthermore, as discussed in Sections I and III, SM can be realized by using a single RF front-end, hence it has a high power efficiency in realistic BS models. As shown in [97] , in flat-fading channels SM has a considerable power consumption gain compared to multi-RF chain aided MIMO arrangements (e.g., STBC and VBLAST). However, in multipath channels, it is more challenging to evaluate the capacity of SC-SM for energy efficiency evaluation. Whether the benefits of energy efficiency observed in narrowband SM are still retained in broadband MU LS-MIMO scenarios requires further justification. More detailed discussions and potential solutions in the uplink and downlink SM-based LS-MIMO systems will be provided in the next Section.
V. FURTHER DESIGN ISSUES
According to the above-mentioned advantages and based on the initial results, SC-SM may be deemed to be an attractive low-complexity, low-cost design option for the emerging family of LS-MIMO systems, which is still in its infancy. To make the SC-SM based LS-MIMO systems a commercial reality, there are still numerous open issues that have to be studied. Some of these challenges and their potential solutions are shown in Fig. 15 and will be discussed below.
A. High-Speed Antenna Switching
The single-RF chain based design of SC-SM schemes requires an agile RF switch. The basic effects of this switch should be carefully resolved, namely the potential data loss inflicted by the shaping filter and the energy efficiency loss of the power amplifier caused by the isolated pulses transmitted in the time-domain. To combat these limitations while relying on less RF chains than the number of TA elements, in [117] the authors quantified the above-mentioned performance penalty in terms of the bandwidth efficiency reduction and proposed a practical RF chain switching method, which is capable of operating in conjunction with a longer pulse shape than that facilitated by a single-RF aided SM scheme. Moreover, in [118] , a novel RF chain was designed for facilitating the smooth changing of the currents on the TAs, which constitutes an efficient alterative for pulse shaping technique. Another potential design is the employment of low-complexity time-domain raised-cosine pulse shaping, which simply over-samples the waveform by a sufficiently high factor and then smoothly transitions between the consecutive symbols. This can be attained, for instance, by reading the pre-stored intermediate values for all legitimate transitions from a look-up table [119] . However, to invoke these techniques in the context of SC-SM based LS-MIMO systems, more detailed investigations are needed.
B. Soft-Input-Soft-Output Detector Design
The signal dimension of SC-SM depends both on the frame length and on the number of antennas, which becomes high in the context of LS-MIMOs. There is a growing literature on how to design both linear and non-linear detectors for conventional LS-MIMO schemes, such as the lattice-based likelihood ascent search (LAS) [120] and the factor-graph based belief propagation algorithms [121] - [123] . However, they may not be directly applicable to the SC-SM based LS-MIMO schemes.
Here explicitly, most of the detectors designed for SC-SM in Section III may only be suitable for small-scale SC-SM systems, which commonly rely on 2-4 antennas at both ends of the wireless link. For large-scale SC-SM uplink transmission, the MP methods were proposed in [105] , [112] , [113] , [124] , but they are rely on hard decisions. However, in practice almost all wireless communication systems employ some form of FEC for enhancing the data reliability, which requires soft-input soft-output (SISO) detectors for achieving the highest possible coding gain.
Additionally, for the sake of reducing the computational complexity, most of the existing detectors were proposed for the family of CP-aided SC-SM schemes, where low-complexity single-tap equalization can be used, as shown in Table VII . However, this benefit is achieved under the constraint of N t ≤ N r , which erodes the performance of SM in asymmetric MIMO systems, routinely encountered in downlink transmission. In the future, the SISO detectors designed for high-diversity ZP-aided large-scale SC-SM have to be further investigated.
Since the generalized MP detectors of [105] , [112] , [113] , [124] , as well as the CS of [114] , [115] and the sparse Kbest detector of [116] provide significant detection complexity reductions by exploiting the inherent sparsity of the SC-SMtype signaling regime, these SISO versions may indeed be promising alternatives for SC-SM based LS-MIMO transmissions and they are worth more intensive study.
C. Further RF Chain Reduction
SM may be viewed as a special case of transmit antenna selection (AS). Unlike the AS techniques conceived for the conventional MIMO systems of [125] , which rely on the channel quality often quantified in terms of the received signal strength, AS in SM is controlled by the incoming user data stream. SM enjoys the prominent benefit that the number of RF chains required is substantially reduced.
As shown in Section IV and Table VII, several attractive TPC schemes have been proposed for SC-SM based LS-MIMO downlink transmission systems [100] , [101] . Although the ASlike SM scheme can reduce certain parts of RF chains, they still require a large number of RF chains at the BS for optimizing the precoder, which may jeopardize the most salient advantages of SC-SM. To further reduce the associated cost, the classic AS technique can be amalgamating the concept of SM for reducing the number of RF chains, without unduly eroding the attainable system performance. Especially, when a large number of antennas are used at the BS, the propagation channel potentially provides much more spatial selectivity, than in small-scale scenarios. In this case, the beneficial system performance gain provided by the carefully designed AS schemes will also become more attractive.
Note that in recent years various AS techniques have been proposed for the family of conventional SM schemes [126] - [132] . However, they have been designed for frequency flatfading scenarios and hence may not be directly applicable to the more sophisticated SC-SM scheme. One of the key design challenges of AS conceived for SC-SM based LS-MIMO systems is to construct a beneficial AS criterion, while relying both on a low-complexity and on a modest amount of feedback information. Moreover, a range of other RF chain reduction techniques may be combined with the SC-SM technique, in order to further reduce the cost of the hardware as exemplified by the single-RF based time-division multiplexing techniques and by the parasitic antenna method of [133] .
D. Practical Implementations
Experimental studies have also been conducted for evaluating the SM-based transceiver in an indoor propagation scenario [56] , [57] , where the BER performance of small-scale MIMO channels (i.e. the 2 × 2 and the 4 × 4 MIMO configurations) operating both in LOS and non-LOS scenarios was investigated. The measured results confirmed that the theoretical gains predicted by the analysis are substantiated by the Monte Carlo simulations [56] . Moreover, it was shown in [57] that the SM-based scheme performs better than the VBLAST and STBC schemes in the context of the measured channel models considered.
Note that these preliminary results were performed in a controlled laboratory environment in conjunction with a small number of antennas, where the effects of dispersive channels and the impact of the associated hardware impairments have not been considered. On the other hand, for conventional LS-MIMO systems, the authors of [134] has provided some experimental results for SC modulation communicating over measured massive MIMO channels with 128 TAs. It was shown that the effects of ISI have to be carefully considered in conventional LS-MIMO systems, similar to the initial MU SC-SM based LS-MIMO design framework shown in Fig. 13 . These observations and investigations may be extended to large-scale MU SC-SM schemes operating in realistic propagation scenarios, so as to verify the related benefits of SC-SM in MU LS-MIMO systems.
E. Adaptive Transceiver Design
Adaptive transceivers play an important role in wireless communication systems, which are capable of dynamically adjusting the transceiver parameters in response to the time-variant channel conditions [135] , [136] . Hence they have been extensively studied in the conventional SM context for the sake of improving the achievable BER performance and of reducing the detection complexity [137] - [143] , whilst relying on adaptive modulation [137] , [138] , on constellation optimization [54] , [139] - [142] , on power allocation [143] , [144] as well as on phase rotation techniques [145] - [149] . However, it has not been considered, whether these adaptive techniques can be directly applied to the SC-SM based LS-MIMO systems. Even for the conventional LS-MIMO schemes, only limited initial work has been disseminated on the design of AS methods and on adaptive receivers [150] , [151] . Near-capacity adaptive techniques, relying on low complexity and a low feedback requirement, are worth more intensive study.
F. Channel Estimation and Low-Correlation Preamble Sequence Design
A key design challenge in LS-MIMO systems (including SC-SM based LS-MIMO) is how to achieve optimal estimation of the CSI. A common approach to acquire CSI is to send properly designed preambles (or pilot signals) from the transmitter(s) and then estimate the channel impairments in the receiver by correlating the known preambles (locally generated) with the received signals. However, this process is always prone to estimation errors. For small-scale SM, the effects of these errors have been investigated in [41] , [42] , [152] - [155] and it was shown that SM is more robust to channel estimation errors than VBLAST. However, this advantage of SM has not been investigated in large-scale SC scenarios.
It is noted that optimal channel estimation in general requires the preamble sequences to have zero non-trivial auto-and cross-correlations [156] - [159] . However, the employment of conventional preamble sequences may jeopardize the advantages of SC-SM, since they have not been designed by taking into account the sparse structure of SC-SM symbols. To overcome this impediment, [112] and [113] developed the training sequences by using cyclic right-shifting method for SC-SM based on the MU channel estimation process, which was proposed for uplink LTE transmissions. However, this design may not be suitable for high-rate SC-SM schemes, owing to the associated power efficiency loss and the pilot overhead imposed. In all existing MIMO-oriented pilot sequences, the ternary-like pseudo-random sequences of [160] may be a promising candidate, including the family of SC-SM and SC-GSM schemes, because its spatial-domain sparsity can be flexibly adjusted. Nonetheless, additional work is necessary to make the associated design more practical.
In order to reduce the pilot-overhead, the semi-blind iterative detection technique of [161] , the advanced training optimization techniques of [162] and the differentially encoded designs of [163] - [168] may be important future research directions.
VI. CONCLUSION
In this paper, we reviewed a range of recent research achievements related to SC-SM, which constitutes a new low-complexity low-cost broadband MIMO transmission technique recently proposed. This novel scheme is capable of adopting the low-complexity single-stream based detection, whilst relying on a single RF chain. Moreover, it can be designed for striking a flexible trade-off amongst the range of potentially conflicting system requirements, such as the effective throughput, the diversity gain and the hardware cost, while facilitating communications over dispersive channels. The scheme reviewed here constitutes a promising candidate for LS-MIMO aided MU uplink and downlink design. However, for exploiting its full benefits numerous challenges have to be overcome. 
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